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ABSTRACT
We present an analysis of X-ray spectra of the high mass X-ray binary 4U 0115+634 as observed with Suzaku and RXTE in 2011
July, during the fading phase of a giant X-ray outburst. We used a continuum model consisting of an absorbed cutoff power-law and
an ad-hoc Gaussian emission feature centered around 8.5 keV, which we discuss to be due to cyclotron emission. Our results are
consistent with a fundamental cyclotron absorption line centered at ∼10.2 keV for all observed flux ranges. At the same time we rule
out significant influence of the 8.5 kev Gaussian on the CRSF parameters, which are not consistent with the cyclotron line energies and
depths of previously reported flux-dependent descriptions. We also show that some continuum models can lead to artificial line-like
residuals in the analyzed spectra, which are then misinterpreted as unphysically strong cyclotron lines. Specifically, our results do not
support the existence of a previously claimed additional cyclotron feature at ∼15 keV. Apart from these features, we find for the first
time evidence for a He-like Fe xxv emission line at ∼6.7 keV and weak H-like Fe xxvi emission close to ∼7.0 keV.
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1. Introduction
Be X-ray binaries (BeXRBs) consist of a neutron star and a
Be-type companion star and are a subclass of high mass X-ray
binaries (HMXBs). Mass transfer from the equatorial disk of
the optical companion onto the neutron star leads to violent X-
ray outbursts. These outbursts are classified either as regular,
“type I”, outbursts associated with the periastron passage of the
neutron star, or giant, “type II outbursts” which are stochastic
and less frequent (see, e.g., Finger & Prince 1997) and due to
strong mass transfer onto the compact object. Once the transferred
matter has reached the Alfvén radius of the neutron star, it follows
the magnetic field lines of the compact object and is channeled
onto the magnetic poles of the neutron star (Lamb et al. 1973).
Due to the strong surface magnetic fields of neutron stars on the
order of a few 1012 G, the energy of the electrons perpendicular
to the direction of the B-field is quantized in discrete Landau
levels. Resonant scattering processes of X-ray photons with these
electrons result in cyclotron resonance scattering features (CRSFs,
or cyclotron lines) in the X-ray spectra of some X-ray pulsars.
The cyclotron line energy is a function of the magnetic field
strength at the emission region. The respective energies of the
fundamental and harmonic CRSFs are given by the 12-B-12
rule, i.e., ECRSF,0 ∼ 11.6 keV × B/1012 G (e.g., Mészáros 1992;
Caballero & Wilms 2012; Staubert et al. 2019), and multiples.
4U 0115+634 consists of a neutron star with a pulse period of
∼3.6 s (Cominsky et al. 1978) which is in a ∼24.3 d orbit (Bildsten
et al. 1997) with its Be-type companion V635 Cas (Negueruela
& Okazaki 2001). Since its discovery with the Uhuru satellite
(Giacconi et al. 1972), it sporadically went into type II outbursts
which were separated by several years of quiescence (Müller et al.
2013, hereafter M13). These outbursts typically lasted one to two
months (e.g., Tamura et al. 1992; Heindl et al. 1999; Nakajima
et al. 2006; Tsygankov et al. 2007; M13). The observed value of
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4U 0115+634’s fundamental cyclotron line energy of ∼11 keV
(White et al. 1983; see Wheaton et al. 1979 for the first detection
of a CRSF in 4U 0115+634, which was actually the harmonic at
∼20.1 keV) is rather low compared to other known cyclotron line
sources (see, e.g., Staubert et al. 2019). In contrast, however, no
other source than 4U 0115+634 is known to show four additional
cyclotron line harmonics in its spectrum (Heindl et al. 1999;
Santangelo et al. 1999; Ferrigno et al. 2009), making this source
an ideal target for testing theories on the luminosity dependency
of the cyclotron line energy, which traces the magnetic field at
the location where most of the X-rays are emitted.
As widely discussed in the literature, there are at least two
accretion regimes for X-ray pulsars, which are separated by the
so-called critical luminosity Lcrit (e.g., Basko & Sunyaev 1976;
Staubert et al. 2007; Becker et al. 2012; Mushtukov et al. 2015;
Postnov et al. 2015, and references therein). Sources at lower
accretion rates, that is, sources with X-ray luminosities LX . Lcrit
are expected to exhibit a positive correlation between E0 and LX
(e.g., Her X-1, Staubert et al. 2007, GX 304−1, Klochkov et al.
2012, Rothschild et al. 2017). Here, as the mass accretion rate
increases the accretion column decreases in height, and therefore
the X-rays are emitted in regions where the local B-field is larger.
In contrast, for sources where LX & Lcrit a negative correlation is
expected (e.g., V 0332+53, Tsygankov et al. 2006; Mowlavi et al.
2006), that is, higher mass accretion rates lead to larger accretion
columns. 4U 0115+634 had originally been seen as the poster
child for this group of high luminosity sources (e.g., Nakajima
et al. 2006; Tsygankov et al. 2007; Müller et al. 2010; Li et al.
2012). However, M13 showed that the inferred behavior of the
cyclotron line in 4U 0115+634 strongly depends on the choice
of the broadband continuum model used to describe the X-ray
spectra. Specifically, M13 showed that if the popular negative and
positive exponent power-law (NPEX) model is used to describe
data from 4U 0115+634, strong cyclotron lines are found. The
model components corresponding to these lines, however, do not
describe the actual shapes of the cyclotron lines, but rather erro-
neously model part of the underlying continuum emission. Since
the continuum shape of 4U 0115+634 is luminosity-dependent,
the result is the strong cyclotron line variability claimed in many
earlier papers. In contrast, the model used by M13 results in
a constant cyclotron line energy for all observed flux levels in
4U 0115+634, i.e., the previously observed anticorrelation van-
ishes. The dependency of the cyclotron line parameters on the
continuum model was later confirmed by Boldin et al. (2013).
In this paper we present an analysis of data taken during a
giant outburst of 4U 0115+634 in 2011 with Suzaku and RXTE .
These data were previously analyzed by Iyer et al. (2015), who
claim the detection of complex and strong cyclotron lines. In
Sect. 2 we summarize the observations and describe the data
extraction process. In Sect. 3 we present the results of the spectral
analysis of the X-ray spectra. Specifically, we show in Sect. 4
that unphysically strong and complex cyclotron lines are not
needed to describe the data, and that these strong lines imply
a much larger intrinsic source continuum flux than observed.
Using the continuum model of M13, on the other hand, results
in more physical cyclotron lines that are consistent with earlier
measurements. We summarize our results and draw conclusions
in Sect. 5.
2. Observations and data reduction
The 2011 outburst of 4U 0115+634 started on June 10 (MJD
55722), after more than three years of quiescence, when MAXI-
GSC detected a significant increase of the X-ray flux (Yamamoto
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Fig. 1. Swift-BAT daily lightcurve of 4U 0115+634 (15–50 keV) during
its 2011 June/July outburst. The arrows mark the midtimes of the obser-
vations by Suzaku (red) and RXTE (blue). The defined data epochs I
and II are indicated by vertical gray bands.
et al. 2011). The outburst lasted about 40 days and exceeded a
flux of ∼300 mCrab in the 15–50 keV band of the BAT instrument
onboard the Neil Gehrels Swift Observatory (Fig. 1; Krimm et al.
2013). The source was observed by Suzaku on 2011 July 5 (Obs-
ID 406048010, 24 ksec, epoch I in the remainder of this work)
and 2011 July 8 (Obs-ID 406049010, 42 ksec, epoch II in the
remainder of this work). During the latter observation RXTE
observed 4U 0115+634 twice (see Fig. 1; Obs-IDs 96032-01-04-
00 and -01, 13 ksec and 1 ksec, respectively).
Suzaku had two main detector assemblies. The X-Ray Imag-
ing Spectrometer (XIS, Koyama et al. 2007) consisted of four
Si-based X-ray charge coupled device (CCD) cameras, XIS0–
XIS3, where XIS2 was no longer operational since a micro-
meteorite hit in 20061. The three remaining CCDs covered the
energy range between 0.2 and 12 keV. The Hard X-Ray Detec-
tor (HXD, Takahashi et al. 2007) extended the energy range of
Suzaku up to ∼600 keV and consisted of two instruments: the PIN
silicon diodes (PIN) were mainly sensitive below ∼60 keV, while
the GSO/BGO phoswich counter (GSO) was sensitive above
∼40 keV.
The event data of both observations were reprocessed by
aepipeline as provided by the HEASOFT software package
(v. 6.25). The version of the HEASARC calibration database
(CALDB) used for the X-ray telescopes (XRT) was 20110630,
for the XIS 20181010, and for the HXD 20110913.
First, we corrected the attitude using aeattcor2 and applied
the result to the XIS events using xiscoord. The images ex-
tracted using xselect were checked for pile-up using pileest
called with a grade migration parameter (alpha) of 0.5. We used
the pile-up-images to create extraction regions for each XIS and
editing mode as follows: the source region was represented by an
annulus with a 90 ′′ outer radius. To avoid pile-up fractions above
4% the inner radius had to be 45′′ for observation 406048010 and
55′′ for 406049010. The larger excluding radius is a result of the
overall increased pile-up fraction during the second observation,
although the source was weaker compared to the first observation
(compare Fig. 1). This is due to the fact that the XIS normal clock
mode options were set to 1/4 window and 1 s burst during the
first observation, while the burst option was removed during the
1 https://heasarc.gsfc.nasa.gov/docs/suzaku/news/xis2.
html
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second, which doubled the exposure time per frame from 1 s to
2 s. The two background regions for each XIS and mode were
circles with a radius of 60′′ located near the borders of the chips.
After having extracted the events filtered by these regions using
xselect we added the spectra of the different editing modes.
For spectral analysis, we used data from XIS0, XIS1, and
XIS3 in the energy range 0.8–9 keV. The recent calibration update
(20181010) focused on improving known calibration features
around the Si K edge at ∼1.84 keV (Okazaki et al. 2018). This
update introduced a jump in the relation of the incident photon
energy and pulse height, which was attributed to charge losses
in the depletion layer of the CCDs. We investigated the updated
calibration and found that significant residuals around the Si K
edge are no longer present in the spectra of XIS0 and XIS3 for
both considered observations (see Fig. A.1). Furthermore, the
new calibration seems to reduce calibration features around the
Au M edge at 2.22 keV in these XISs as well2. Unfortunately,
the residuals around both features are still present in XIS1 (see
Fig. A.1). Thus, we excluded the energy ranges 1.73–1.95 keV
and 2.16–2.37 keV for XIS1 during the analysis. The spectra were
rebinned according to Nowak et al. (2011), such that each energy
bin has a signal-to-noise ratio (SNR) of 8 at least and a minimum
number of channels close to the half-width half-maximum of the
spectral resolution. Data from the PIN instrument were used in
the energy range 16–55 keV for spectral fitting and rebinned to a
SNR of 5.
The non X-ray background (NXB) spectral extraction based
on model events and the cosmic X-ray background (CXB) sim-
ulation were performed using the hxdpinxbpi tool. To get a
background spectrum of the PIN, we combined the version 2.0 of
the “tuned” NXB and the CXB, which was simulated using the
model as described in Boldt (1987). As PIN response we used the
epoch 11 response file (20110601) for the XIS nominal position.
Because of an insufficient SNR, we did not use the data from the
GSO instrument of the HXD.
For the analysis of RXTE data, data from the top layer of
unit 2 of the Proportional Counter Array (PCA, Jahoda et al.
2006) were used. Since the launch of RXTE in 1995 until the
2011 outburst of 4U 0115+634 the calibration of the remaining
Proportional Counter Units (PCU) became complicated with the
aging of the instruments. PCU2 is, however, still known as the
best calibrated one (Jahoda et al. 2006). The spectra of the both
observations, which were performed during the second Suzaku
observation (epoch II), were reduced using the HEASOFT soft-
ware package (v. 6.25) and standard data reduction pipelines
(Wilms et al. 2006, and references therein). The event times were
filtered excluding the first 30 minutes since the start of the South
Atlantic Anomaly (SAA) passages and with an elevation angle
of greater than 10◦ above the Earth’s limb. After having com-
bined the spectra of both observations, we added 1% systematic
uncertainties to all channels below 7 keV (see Fig. A.2) due to
calibration issues near the Xe L-edge at 4.5 keV, uncertainties in
the PCA background estimation (Jahoda et al. 2006), or possible
inaccurately assigned energies to the channel boundaries (García
et al. 2014). Channels in the energy range of 3.5 keV–50 keV
were used for spectral analysis and were grouped into bins with a
minimum SNR of 1. Data from the High Energy X-ray Timing
Experiment (HEXTE, Rothschild et al. 1998) were not used here
2 A similar improvement can be seen in the document describing the
latest XIS CALDB files, see https://heasarc.gsfc.nasa.gov/
docs/heasarc/caldb/suzaku/docs/xis/20180807_sikedge_
xisrmfgen.pdf.
since the rocking mechanism, which is crucial to measure the
detector background, was switched off completely in 2010 April.
3. Spectral analysis
Data modeling in this work was performed with the Interactive
Spectral Interpretation System (ISIS, Houck & Denicola 2000)
version 1.6.2-41. All uncertainties are given at the 90% confi-
dence level unless stated otherwise.
3.1. Spectral model
We used the same approach as M13 to model the broadband X-ray
spectra of 4U 0115+634: a cutoff power-law, called CutoffPL in
ISIS and XSPEC (Arnaud 1996), which has the form
CutoffPL(E) ∝ E−Γ exp(−E/Efold), (1)
with the photon index, Γ, and the folding energy Efold. We nor-
malized the CutoffPL model to the unabsorbed photon flux, FPL,
integrated over the 3–50 keV energy range. The cutoff power-
law was modified by a broad Gaussian emission feature around
8.5 keV. This is more commonly known as the “10 keV feature”
and has been observed in 4U 0115+634 before (see, e.g., Fer-
rigno et al. 2009; Müller et al. 2012) and in many other X-ray
pulsars (see, e.g., Coburn et al. 2002), even though the origin of
this feature is still under discussion and remains unclear. Here,
the normalization of the Gaussian corresponds to its bolometric
photon flux, F10 keV (technically derived by integrating over the
1–25 keV energy range).
We modeled the various cyclotron lines present in the spectra
of 4U 0115+634 by two models implementing different line
profiles of the absorption line-like features. The first model,
CYCLABS, represents pseudo-Lorentzian profiles given by (Mi-
hara et al. 1990)
CYCLABS(E) = exp
−τCRSF(WCRSFE/ECRSF)2
(E − ECRSF)2 + W2CRSF
 , (2)
where ECRSF is the centroid energy, WCRSF is the width of the
feature, and τCRSF is the optical depth. The second model, GABS,
implements a Gaussian optical depth profile given by3
GABS(E) = exp
− DCRSF√
2piσCRSF
exp
− (E − ECRSF)2
2σ2CRSF
 , (3)
where DCRSF is the strength and σCRSF the Gaussian width of
the cyclotron line. In the remainder of this paper, we label the
parameters of the cyclotron lines for both models with the number
of the respective harmonic, where 0 denotes the fundamental line.
We emphasize that the cyclotron line strength, DCRSF, of the
GABS model is not the optical depth at line center. At E = ECRSF
the optical depth is
τCRSF =
DCRSF√
2piσCRSF
(4)
which is equivalent to the optical depth parameter of the CYCLABS
model, τCRSF. In a similar manner, the width parameters WCRSF
and σCRSF are related to each other, but not identical.
The Suzaku-XIS spectra also show source intrinsic emission
lines of iron between 6 keV and 7 keV. We modeled these lines
3 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/
node240.html
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Table 1. Final parameters of the spectral analysis. Both cyclotron line models CYCLABS and GABS have been fitted independently on top of the same
continuum and iron line models. See Sect. 3.1 for the definition of parameters and applied models. The second table below lists the parameters using
a single broad iron line instead of three narrow ones.
CYCLABS GABS
Parameter Unit Epoch I Epoch II Epoch I Epoch II
NH 1022 atoms cm−2 1.648+0.027−0.027 1.720
+0.024
−0.026 1.642
+0.027
−0.027 1.732
+0.025
−0.023
FPL a 10−9 erg s−1 cm−2 4.54+0.19−0.18 2.45
+0.05
−0.05 4.65
+0.18
−0.15 2.41
+0.05
−0.05
Γ 0.47+0.04−0.04 0.58
+0.04
−0.04 0.45
+0.04
−0.04 0.59
+0.04
−0.04
Efold keV 10.0+0.5−0.4 9.3
+0.4
−0.4 10.0
+0.5
−0.4 9.17
+0.39
−0.28
F10 keV b 10−9 erg s−1 cm−2 1.83+0.12−0.13 1.28
+0.04
−0.04 1.88
+0.13
−0.13 1.31
+0.04
−0.04
E10 keV keV 8.70+0.16−0.15 8.05
+0.08
−0.09 8.87
+0.16
−0.15 8.10
+0.09
−0.10
σ10 keV keV 3.22+0.14−0.14 3.12
+0.07
−0.07 3.15
+0.14
−0.14 3.05
+0.09
−0.09
EWFe Kα eV 10.5+2.7−2.7 10.1
+2.8
−2.8 10.1
+2.7
−2.7 8.5
+2.6
−2.6
EFe Kα keV 6.343+0.035−0.029 6.44
+0.06
−0.04 6.343
+0.035
−0.029 6.45
+0.04
−0.07
EWFe XXV Kα eV 13.5+2.9−3.1 8.2
+2.6
−3.0 13.3
+2.9
−3.1 6.4
+2.7
−2.7
EFe XXV Kα keV 6.641+0.033−0.030 6.73
+0.05
−0.09 6.642
+0.030
−0.030 6.73
+0.05
−0.10
EWFe XXVI Kα eV 5.3+3.0−3.0 – 5.1
+3.0
−3.0 –
EFe XXVI Kα keV 6.91+0.25−0.08 – 6.91
+0.25
−0.08 –
ECRSF,0 keV 10.19† c 10.19+0.15−0.15 10.61
† c 10.61+0.23−0.21
WCRSF,0, σCRSF,0 keV, keV 2† 2† 2† 2†
τCRSF,0, DCRSF,0 –, keV 0.096† c 0.096+0.012−0.012 0.56
† c 0.56+0.09−0.09
ECRSF,1 keV 21.0+0.7−0.8 21.4
+0.6
−0.5 21.5
+0.7
−0.8 21.7
+0.6
−0.6
WCRSF,1, σCRSF,1 keV, keV 2† 2† 2† 2†
τCRSF,1, DCRSF,1 –, keV 0.10+0.06−0.05 0.115
+0.030
−0.029 0.41
+0.23
−0.22 0.45
+0.14
−0.14
ECRSF,2 keV 34.2+1.4−1.4 32.2
+4.6
−2.2 35.3
+1.5
−1.5 32.6
+5.4
−2.7
WCRSF,2, σCRSF,2 keV, keV 4† 4† 4† 4†
τCRSF,2, DCRSF,2 –, keV 0.17+0.06−0.06 0.05
+0.07
−0.04 1.5
+0.6
−0.6 ≤ 0.70
cXIS0 1.023+0.004−0.004 1.007
+0.004
−0.004 1.023
+0.004
−0.004 1.007
+0.004
−0.004
cXIS1 1.084+0.004−0.004 1.117
+0.005
−0.005 1.084
+0.004
−0.004 1.117
+0.005
−0.005
cPIN 1.18+0.08−0.08 1.616
+0.016
−0.016 1.12
+0.08
−0.08 1.616
+0.016
−0.015
cPCA – 1.268+0.006−0.006 – 1.269
+0.005
−0.005
χ2red / dof 1.29 / 516 1.44 / 574 1.29 / 516 1.51 / 574
broad iron line
EWFe eV 55+17−14 22
+7
−6 52
+17
−14 16
+6
−5
EFe keV 6.61+0.07−0.07 6.56
+0.06
−0.06 6.61
+0.07
−0.07 6.55
+0.07
−0.06
σFe eV 410+100−90 210
+90
−70 400
+100
−90 170
+80
−60
Notes. Uncertainties and upper limits are given at the 90% confidence level.
(†) Fixed.
(a) Unabsorbed CutoffPL flux in the 3–50 keV energy band.
(b) Unabsorbed, bolometric flux in the 8.5 keV Gaussian.
(c) Fixed to the value of epoch II.
using Gaussians with their centroid energies, EFe, widths, σFe,
and equivalent widths, EWFe as a measure of their X-ray flux. We
label these parameters further according to the observed transition
or ion, e.g., Kα or XXV. The calculation of the equivalent widths
was based on the unabsorbed model flux, i.e., the source intrinsic
flux.
In order to account for the interstellar absorption affecting
primarily the XIS spectra, we used tbnew, an updated version
of tbabs4, incorporating abundances by Wilms et al. (2000)
4 see http://pulsar.sternwarte.uni-erlangen.de/wilms/research/tbabs/
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and cross sections by Verner & Yakovlev (1995). The equivalent
hydrogen column density is denoted as NH.
Since the flux normalizations of the different instruments are
not perfectly known, we introduced the cross-calibration con-
stants cXIS0, cXIS1, cXIS3 and cPIN. We chose XIS3 to be the refer-
ence instrument and thus set cXIS3 = 1. To account for the cross
calibration between the Suzaku and RXTE data, we introduced
the constant cPCA referring to the combined spectrum of the two
PCA observations.
3.2. Modeling strategy
The fundamental cyclotron line of 4U 0115+634 is known to be
around 11 keV (White et al. 1983). Unfortunately, this energy
is within the data gap between Suzaku-XIS and -PIN, i.e., be-
tween 9 and 16 keV. Hence, in order to avoid a fit degeneracy
between this cyclotron line and the remaining spectral parameters
of 4U 0115+634, we first performed a simultaneous fit of epoch II,
where RXTE observed the source twice during the corresponding
Suzaku observation.
We used the continuum parameters of M13 as initial values
for the fit. Using a pure continuum model without any emis-
sion lines or CRSFs, emission line-like residuals at 6–7 keV and
broad absorption line-like residuals around ∼11 keV, ∼22 keV
and ∼33 keV are visible (see insets and panels c of Fig. 2, respec-
tively). The absorption features represent the fundamental CRSF
and two of its higher harmonics. Thus, we added three cyclotron
line features to our model using two different descriptions, the
CYCLABS-model (Eq. 2) and the GABS-model (Eq. 3), resulting in
two separate fits. Following (M13) we fixed the width in both fits
(WCRSF and σCRSF, respectively) of the fundamental, the first, and
second harmonic CRSF to 2 keV, 2 keV and 4 keV, respectively,
to avoid parameter degeneracies with the continuum parameters.
In order to model the emission of iron at 6–7 keV we added
a single Gaussian to the model. After an initial fit we found
a centroid energy of EFe = 6.56+0.06−0.06 keV, which is not consis-
tent with emission from neutral iron at 6.4 keV. Its width of
σFe = 210+90−70 eV is too broad to be intrinsically narrow and, thus,
is due to the astrophysics of the source. In epoch I the Gaus-
sian’s width of σFe = 410+100−90 eV is even broader. Such broad
iron lines are usually not observed in HMXBs (σFe . 150 eV,
see, e.g., Giménez-García et al. 2015 or Torrejón et al. 2010 for
comprehensive studies). In a Chandra observation of the BeXRB
A 0535+262, Reynolds & Miller (2010) discovered fluorescence
lines from highly ionized iron besides a narrow emission line
from neutral iron. In a spectrum recorded by an X-ray instrument
with lower spectral resolution, these lines would blend into a sin-
gle broad emission line at a higher centroid energy than 6.4 keV
as we found here for 4U 0115+634. We thus replaced the single
broad Gaussian with two Gaussians with a fixed width of 1 eV,
i.e., the emission lines can be considered to be intrinsically narrow
as expected. The centroid energies of these lines of ∼6.4 keV and
∼6.7 keV (see Table 1) are consistent with fluorescent Kα emis-
sion from neutral Fe and He-like Fe xxv, respectively. Finally,
we accounted for the contribution of an iron Kβ transition by
adding a Gaussian with its centroid energy and equivalent width
tied relative to the fit-parameters of the neutral Kα emission line
(EFeK β = EFe Kα + 0.656 keV and EWFe Kβ = 0.16 × EWFe Kα,
respectively).
Our final model is able to describe the combined fit of the
Suzaku- and RXTE-data of epoch II well (χ2red = 1.44 with 574
degrees of freedom, dof, using CYCLABS; χ2red = 1.51 with 574
dof using GABS). The best-fit parameters are listed in Table 1.
We then performed a fit to the epoch I data, consisting of a
single Suzaku observation, with the initial parameters provided by
the best-fit model from epoch II. We fixed the parameters of the
fundamental CRSF, as it lies in the gap between the XIS and PIN.
While the epoch II model fits the epoch I data acceptably well for
the most part, there are some additional weak line-like residuals
around 7 keV in the XIS spectrum, requiring a fourth narrow
Gaussian to be added to the model. We associate this emission
with H-like Fe xxvi. The final best-fit to the data of epoch I again
results in a good description of the data (χ2red = 1.29 with 516 dof
using CYCLABS; χ2red = 1.29 with 516 dof using GABS)).
See Table 1 for the final fit parameters for both epochs and
Fig. 2 for the observed spectra and corresponding model.
3.3. Significances & parameter degeneracies
In order to estimate the significance of the emission feature of
ionized iron, we simulated N = 4000 spectra for each epoch
on the basis of our model while excluding the corresponding
Gaussian component. The neutral Kα line has been included
in the simulated spectra and for the significance calculation of
Fe xxvi in epoch 1 the Fe xxv line has been included as well.
Each simulated spectrum was then fitted once without and once
including the Gaussian component. An improvement in the fit
goodness, ∆χ2sim, higher than the observed ∆χ
2 was then counted
as a false positive detection. No false positives were found for
He-like Fe xxv around 6.7 keV in epoch I and epoch II (∆χ2 =
65.86 with 516 dof and ∆χ2 = 24.51 with 574 dof, respectively)
corresponding to significances of ≥ 3.66σ for both epochs. For
H-like Fe xxvi in epoch I, 16 false positives were found in the
simulation (∆χ2 = 8.9 with 516 dof), which corresponds to a
significance of ∼2.87σ.
We investigated the strength of possible parameter degenera-
cies between the fundamental cyclotron line around 10.2 keV and
the 8.5 keV Gaussian, i.e., the 10 keV feature (see Sect. 4.3 for
its detailed discussion). This investigation is possible for epoch II
only due to the fixed CRSF parameters during epoch I. To reveal
any possible degeneracies we have sampled the parameter space
using a Markov chain Monte Carlo (MCMC) method after Good-
man & Weare (2010). We used the implementation emcee by
Foreman-Mackey et al. (2013), which has been ported into ISIS
by M. A. Nowak5. We used 2 000 iteration steps and 100 walk-
ers per free parameter, which were initially distributed randomly
within the allowed parameter space. The algorithm converged
after 1200 steps and, thus, the first 60% of the parameter chain
were ignored in the following. After having investigated all pos-
sible 2D-probability distributions of the chain, we do not find
a significant degeneracy between the Gaussian’s width or flux
with the CRSFs parameters. The only significant degeneracies we
find as show in Fig. 3 were present between the Gaussian’s cen-
troid energy, E10 keV, and the fundamental cyclotron line energy,
ECRSF,0, and its depth, τCRSF,0 (CYCLABS) or DCRSF,0 (GABS). The
best-fit parameter values found by χ2-minimization (crosses in
Fig. 3) are in very good agreement with the MCMC contours.
Their respective uncertainties as derived from the χ2-landscape
are, however, too symmetric compared to the elliptical contour
shapes. For the remainder of this work, we therefore consider
the uncertainties of the Gaussian’s centroid energy, E10 keV, the
fundamental cyclotron line energy, ECRSF,0, and its depth, τCRSF,0,
during epoch II to be larger by a factor of 2 in order to cover
the asymmetric MCMC contours. We note, however, that even
5 The ISIS implementation of emcee is distributed via the ISISscripts
at http://www.sternwarte.uni-erlangen.de/isis
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Fig. 2. Observed spectra and best-fit model of epoch I (left) and epoch II (right). Panels a show the Suzaku spectra (XIS0: green; XIS1: red; XIS3:
blue; PIN: purple) and in case of epoch II (right) the combined RXTE spectrum (PCA: orange). The black line is the best-fit model. Each inset
zooms into the iron line region between 5 and 8 keV and shows the residual flux with respect to a model without any fluorescence lines. The modeled
fluorescence lines are shown in gray. Panel b shows the residuals of a fit to a model without the cyclotron lines included. The arrows labeled En
mark the best-fit position of the nth cyclotron line (if significant within the error bars, see Table 1). Panels c and d show the residuals of our best-fits
using CYCLABS and GABS to model the cyclotron lines, respectively.
without increasing the uncertainties the degeneracies do not bias
our discussions and conclusions in the following sections. The
contours further show a shift of +0.15 keV in the Gaussian’s cen-
troid energy when using the GABS CRSF model instead of the
CYCLABS model. This is, however, negligible compared to the
uncertainty of the Gaussian’s centroid energy and does not bias
our discussions either.
4. Discussion
During the following discussions the luminosity, L, and the
mass-accretion rate, M˙, of 4U 0115+634 are needed. From
the measured fluxes FPL and F10 keV of the power-law and the
10 keV feature, respectively (see Table 1), we calculated the to-
tal 3–50 keV luminosity of 3.5×1037 erg s−1 and 2.5×1037 erg s−1
during epoch I and epoch II, respectively, using the distance of
7.2+1.5−1.1 kpc determined by Bailer-Jones et al. (2018) from the
Gaia DR2 parallax measurements and consistent with earlier dis-
tance estimates of 7 kpc (Negueruela & Okazaki 2001; Riquelme
et al. 2012). Assuming that all potential energy is released into
radiation, we calculated the mass-accretion rate,
M˙ =
LR
GM
, (5)
during epoch I and epoch II to be 1.9 × 1017 g s−1 and 1.3 ×
1017 g s−1, respectively, assuming a neutron star radius of R =
106 cm and a mass of M = 1.4 M of the neutron star.
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Fig. 3. 2D-probability contours between the fitted parameters of the fun-
damental cyclotron line (a depth, τCRSF,0 (CYCLABS) and DCRSF,0 (GABS);
b energy, ECRSF,0) and the centroid energy, E10 keV, of the 10 keV feature
calculated by a MCMC method for epoch II and both CRSF models
(CYCLABS, red; GABS, blue). The contours correspond to the 68% (solid
line), 90% (dashed line), and 99% confidence level (dotted line) ac-
cording to the MCMC walker distribution. The crosses are our best-fit
parameters and their uncertainties using χ2-minimization (see Table 1).
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4.1. Iron line region
The feature causing the emission residuals at ∼6–7 keV, displayed
in more detail in the inset of Fig. 2, has previously been modeled
by a single Gaussian using data of coarse spectral resolution
(RXTE-PCA, E/∆E ≈ 6 in the iron line region). The feature
has been interpreted as a narrow iron Kα fluorescence line at
∼6.4 keV with an equivalent width of ∼50–60 eV (M13) or larger
(e.g., Tsygankov et al. 2007; Li et al. 2012; Boldin et al. 2013).
Due to the improved energy resolution of the Suzaku-XIS
spectra (E/∆E ≈ 50 in the iron line region) compared to ear-
lier observations, we found the line centroid energy blue-shifted
by 160–210 eV with respect to neutral iron Kα emission and
an intrinsically broadening of the line by σFe≈200–400 eV (see
Table 1 for the values of both data epochs). As argued during
the spectral analysis (Sect. 3.2) we proposed that this emission
actually is a blend of 2–3 emission lines by highly ionized iron
rather than a single blue-shifted and broad neutral iron Kα line. In
an alternative scenario the neutral iron line would originate from
material around the neutron star, e.g., an accretion disk where its
intrinsical rotation causes a broadening of the line. In the follow-
ing we will show that this scenario is, however, in contradiction
to the observed blue-shift of the line centroid energy.
Emission lines emerging from an accretion disk should be
Doppler shifted accordingly to the binary motion. The orbital
velocity of the neutron star projected on the line of sight,
v(t) =
2pia sin i
Porb
√
1 − e2
(cos(θ(t) + ω) + e cosω) , (6)
depends on the projected semimajor axis, a sin i, where i is the
inclination of the orbital plane, the orbial period, Porb, the eccen-
tricity, e, the longitude of periastron, ω, and the true anomaly,
θ(t), which is found by solving Kepler’s equation. Using the or-
bital parameters6 of 4U 0115+634, we calculated the Doppler
shift ∆E = Erestv(t)/c, where Erest = 6.4 keV is the emission line
energy at rest and c the speed of light, at the time of the Suzaku
observations of ∆E ≈ 3 eV. This is orders of magnitude weaker
than the observed shift of 210(70) eV (epoch I) or 160(60) eV
(epoch II) and, thus, in contradiction to line emission from an
accretion disk.
4.2. CYCLABS vs. GABS
We have analyzed the spectra using two different models,
CYCLABS (Eq. 2) and GABS (Eq. 3), for the shape of the CRSFs.
The corresponding best-fit parameters for the three CRSFs de-
tected in the data are in good agreement among both models (see
Table 1): the optical depths and line strengths follow Eq. 4 within
2σ confidence and the centroid energies for the higher harmonics
agree within 1.2σ confidence. The fundamental CRSF energy
in epoch II seems to differ by 3σ between GABS and CYCLABS.
This is due to the degeneracy between the centroid energy of the
10 keV feature and the fundamental CRSF energy: The MCMC
contours clearly show, however, that the energies agree within the
68% contour when projected onto the CRSF energy (Fig. 3).
Since the CRSF parameters are in agreement between both
models and the corresponding fit goodness do not allow us to fa-
vor one of these models, we use the results of the CYCLABS model
in the following discussions, not least in order to be comparable
6 τ = MJD 54531.7709(0.0603),ω = 48.67(4)◦, and ω˙ = 0.048(3)◦ yr−1
(Li et al. 2012), Porb = 24.317037(62) d (Bildsten et al. 1997), e =
0.3402(4) and a sin i = 140.14(16) lt − s (Rappaport et al. 1978).
with earlier works which used the same model (e.g., Nakajima
et al. 2006, M13).
The continuum and iron line parameters are in excellent agree-
ment (≤ 1.3σ) when using the CYCLABS or the GABS model for
the shape of the CRSFs. This is expected since the model nar-
row features compared to the broad-band X-ray continuum of
4U 0115+634. We note a marginal shift of ∼0.15 keV in the
centroid energy of the 8.5 keV Gaussian between both models
(see Fig. 3), which is due to the detected degeneracy with the
fundamental CRSF.
4.3. The 10 keV feature
Additional spectral components below and around 10 keV on top
of the underlying cutoff power-law continuum are commonly
detected in the X-ray spectra of highly magnetized neutron star
X-ray binaries. In many cases, these features can be modeled by
a black-body component with temperatures kT between 1 and
2 keV (see, e.g., Ballhausen et al. 2016 for KS 1947+300, Ca-
ballero et al. 2007, 2013 for A 0535+26, Kühnel et al. 2013, 2017
for GRO J1008−57, or Rothschild et al. 2017 for GX 304−1).
The black-body flux relative to the power-law seems to depend on
luminosity and ranges from 10% up to 100%. In other cases, it is
necessary to add a Gaussian feature in emission or in absorption
(see, e.g., Ferrigno et al. 2009 for 4U 0115+634, Suchy et al.
2008 for Cen X-3, Vasco et al. 2013 for Her X-1, Fürst et al. 2014
for Vela X-1, and a systematic study in Coburn et al. 2002). These
Gaussians, however, correct some significant, but energetically
marginal feature due to their lower relative fluxes compared to
source with black-body components.
The flux of the Gaussian centered at 8.5 keV, which we needed
to describe the Suzaku and RXTE spectra of 4U 0115+634 (see
Sect. 3.1), was ∼35% and ∼51% relative to the power-law during
Epochs I and II, respectively (see Table 1). This is much too strong
to be due to “photon spawning” caused by photons produced by
electrons excited into higher Landau levels and de-exciting down
into the fundamental level (see, e.g., Schwarm et al. 2017a and
Isenberg et al. 1998 for detailed calculations of the line shape) and
comparable to the black-body flux seen in other sources. Thus,
we tried to replace the Gaussian by such a black-body spectrum.
This attempt, however, failed with an insufficient goodness of the
fit (χ2red > 2) due to strong residuals below 10 keV. In order to
understand this failed fit Fig. B.1 compares the 8.5 keV-Gaussian
to a black body with kT = 2.7 keV and the same relative flux
as in the Gaussian of epoch I. One can see that the width of the
Gaussian is narrower than that of the black body. Since both
features contain the same flux, i.e., their areas are equal, the
Gaussian “sticks out” on top of the continuum in contrast to the
black body.
We conclude that the Gaussian centered around 8.5 keV in
the spectra of 4U 0115+634 is peculiar compared to other accret-
ing pulsars: it has a strong contribution to the overall continuum
compared to known “10 keV features” and is incompatible to
the black-body components detected in other sources. This might
thus point to a distinct physical origin. In the remainder of this sec-
tion, we propose cyclotron cooling as the physical origin of this
Gaussian feature following discussions and results by Ferrigno
et al. (2009) and Farinelli et al. (2016). In contrast to cyclotron
absorption lines, where photons excite the electrons and are, thus,
observed as absorption features, cyclotron cooling is based on
collisional excitation within the plasma, which results in an addi-
tional emission of photons at the cyclotron energy, i.e., cyclotron
emission.
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According to Arons et al. (1987) cyclotron emission can be
the dominant cooling channel in the accretion column once the
plasma temperature and cyclotron energy are comparable. This
enables the excitation of the first Landau level of electrons due
to collisions with protons inside the plasma. The de-excitation
will emit a photon at the cyclotron energy which will effectively
cool the plasma. This cyclotron emission provides seed photons
for bulk and thermal Comptonization inside the accretion column.
The self-consistent physical model by Becker & Wolff (2007,
and references therein) uses analytical approximations in order to
calculate the emerging X-ray spectrum from these seed photons
and those from Bremsstrahlung and black-body emission.
The self-consistent model proposed by Becker & Wolff (2007,
and references therein) was first implemented by Ferrigno et al.
(2009) and applied to the BeppoSAX spectrum of 4U 0115+634
during its 1999 outburst. It turned out, however, that the as-
sumptions and restrictions of the Becker & Wolff model are
not sufficient to explain the complex X-ray continuum spectrum
of 4U 0115+634. An extension of the Becker & Wolff model
was developed by Farinelli et al. (2016, 2012), who have used
some analytical approximations of the original model in combi-
nation with numerical methods, which allowed them to include
variations of the magnetic field along the column and to approxi-
mate the cyclotron emission by a Gaussian line instead of a Dirac
function. These authors applied their so-called COMPMAG model
to the same BeppoSAX data of 4U 0115+634 as analyzed by
Ferrigno et al. (2009) previously, among others. They found that
their model was able to describe the 0.1–100 keV spectrum of a
few sources, among 4U 0115+634 at different flux states, without
the introduction of any further emission components7. In partic-
ular, a prominent bump in the spectrum around 9 keV was due
to significant cyclotron emission predicted by the model. Their
best-fit width of cyclotron emission of 2.4 keV is explained by
broadening of the intrinsic cyclotron emission by, e.g., magnetic
field gradients inside the column. Due to the similarity of the find-
ings by Farinelli et al. (2016) and the parameters of our Gaussian
component around 8.5 keV (the “10 keV feature”), we argue that
this component accounts for cyclotron emission as part of our
phenomenological model.
Two issues with this scenario remain, which are the differ-
ence between the fundamental cyclotron absorption line energy of
ECRSF,0 = 10.2 keV and the centroid energy of the cyclotron emis-
sion at E10 keV∼8.5 keV, which is not expected at first glance, and
why cyclotron emission seems to be dominant in 4U 0115+634
but not in other sources. One explanation of the former issue
was put forward by Tsygankov et al. (2018), who argue that cy-
clotron emission cannot escape at the resonant energy, owing
to the the high scattering cross section. Emission is then prefer-
entially detectable at lower energy, at which it can more easily
escape. Ferrigno et al. (2009) proposed that cyclotron emission
appears at higher altitudes in the column than the formation of the
CRSFs, where the magnetic field strength and, thus, the cyclotron
energy is lower than closer to the surface. Assuming a dipole
magnetic field the magnetic field strength, B(h), as a function of
the height, h, above the surface is
B(h) = B0R3/(R + h)3 (7)
where B0 is the surface magnetic field strength and R the neutron
star’s radius. Cyclotron emission is important as long as the B-
field energy is comparable to the plasma temperature, which
increases the occurrence of collisions inside the column (Arons
7 However, a partial covering medium was needed to level out residuals
in 4U 0115+634.
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Fig. 4. χ2-contour-map (solid line: 68% confidence; dashed: 90%; dotted:
99%) between the fundamental CRSF energy, ECRSF,0, and its depth,
τCRSF,0, in epoch I (red) and epoch II (blue). The blue cross marks the
best-fit values from epoch II with their respective uncertainties (see
Table 1). The CRSF parameters found by Nakajima et al. (2006, Table 4;
circles) and by Müller et al. (2013, Table 2; diamonds) are added for
comparison. The filled symbols mark parameters obtained at a source
luminosity similar to Epoch I and Epoch II.
et al. 1987). The temperature of plasma in the accretion column
is of the order of several keV (Basko & Sunyaev 1976; Ferrigno
et al. 2009) with a slow decrease with height (e.g., Fig. 5 of Basko
& Sunyaev 1976 or West et al. 2017). As the rate of production
of cyclotron photons scales as exp(−Ecyc/kT ) (see eq. (114) of
Becker & Wolff 2007), it is plausible that cyclotron emission is
more effective a few hundreds meters above the surface, if one
assumes that cyclotron absorption features are imprinted at the
column’s base.
We note that conditions for cyclotron emission change as soon
as the magnetic field strength of the neutron star is higher than
that of 4U 0115+634. A B-field more than twice as strong (i.e.,
a CRSF at &21 keV), which is the case for most cyclotron line
sources (see, e.g., the review by Staubert et al. 2019), results in a
cyclotron energy significantly higher than the plasma temperature
throughout the column and, thus, hampering collisional excitation
of the Landau level. If true, this would explain why the spectrum
of 4U 0115+634 is dominated by cyclotron emission in contrast
to that of others sources. We note that the case of GX 304−1 at
low luminosity might be different, as discussed in Tsygankov
et al. (2018), because a high temperature can be reached in a
tenuous accretion stream, where thermal cooling is inefficient and
the Landau level can be collisionally populated.
While cyclotron emission could explain both the issues raised
above, we stress that detailed and self-consistent calculations are
needed to fully investigate this idea.
4.4. Energy dependence of the fundamental CRSF
Previous work on 4U 0115+634 (e.g., Nakajima et al. 2006;
Müller et al. 2010; Li et al. 2012) found an anticorrelation be-
tween the fundamental cyclotron line energy and the X-ray flux.
However, M13 found that this apparent anticorrelation depends
on the choice of the continuum model. They argued for an ab-
sorbed cutoff power-law with a 10 keV emission feature, as used
in this analysis, for which the anticorrelation vanishes. As noted
in the previous section, the data gap of Suzaku between XIS
and PIN does not allow us to directly study the behavior of the
fundamental cyclotron line between the data epochs I and II. In
Article number, page 8 of 13
Matthias Bissinger né Kühnel et al.: The giant outburst of 4U 0115+634 in 2011 with Suzaku and RXTE
the following, we can nonetheless determine whether our results
are consistent with the anticorrelation between the fundamental
line energy and the source’s flux as found by, e.g., Nakajima et al.
(2006) or instead, consistent with the uncorrelated parameters
found by M13.
In epoch I, where we only have Suzaku data available, we
had fixed the energy and depth of the fundamental cyclotron line,
ECRSF,0 and τCRSF,0, respectively, to the results of our combined
analysis of the Suzaku and RXTE data of epoch II (see Sect. 3).
In order to investigate an evolution of the CRSF from epoch I to
epoch II despite the data gap between XIS and PIN, we calculated
χ2-contours between these parameters in epoch I. The resulting
contour-map is shown in Fig. 4. The best-fit values of the CRSF
energy and depth of epoch II (blue cross) are consistent within
the 1σ 2D-contour calculated for epoch I and the possible CRSF
energy range is 8.2–12.2 keV (90% confidence). This justifies
our approach of fixing the parameters of the fundamental CRSF
parameters in epoch I to the best-fit values from epoch II.
The contour-maps alone do not allow us, however, to favor
one of the two claimed evolutions of the CRSF parameters with
the source’s flux. Thus, we compare the parameter combinations
enclosed by the contours with the energies and depth of the funda-
mental CRSF as found by Nakajima et al. (2006) and M13 (circles
and diamonds in Fig. 4, respectively). In particular, we focus on
their parameters derived from observations of 4U 0115+634 at
a similar 3–50 keV luminosity level (filled symbols in Fig. 4) as
during epoch I and epoch II. Neither the χ2-contours of epoch I
nor those of epoch II are consistent with the values expected from
the anticorrelation as found by Nakajima et al. (2006) with at
least 99% confidence. Instead, our results are in excellent agree-
ment with the findings of M13. Thus, using the continuum model
of M13 to describe the Suzaku-data results in CRSF energies
which are in agreement with expectations from a constant behav-
ior rather than implying an anticorrelation of the CRSF energy
with luminosity. We note, however, that we cannot exclude a
change in the fundamental CRSF energy between epochs I and
II on the level of a few keV as a consequence of the data gap
between Suzaku-XIS and -PIN (see the contours for epoch I in
Fig. 4). To our knowledge, however, no one has claimed a CRSF-
to-luminosity correlation on this energy scale yet. Although the
theory by Becker et al. (2012) explains changes of the CRSF
energy with the mass-accretion rate as seen in other accreting
pulsars, the fundamental CRSF energy of 4U 0115+634 around
10–11 keV is so low that the regimes of Coulomb and radiation
braking after their theory cannot be distinguished anymore (see
Fig. 2 (right) of Becker et al. 2012).
4.5. The question of a second fundamental CRSF
Iyer et al. (2015, I15 for the remainder of this section) analyzed
data from various satellites and instruments during the 2011 out-
burst of 4U 0115+634. In particular they analyzed the simul-
taneous observations by RXTE (96032-01-04-00) and Suzaku
(406049010), restricted to the time interval where both observa-
tions overlapped (about ∼13 ksec). We analyzed these data as well
(epoch II in this work), but using the full available on-source time
and a second RXTE observation (96032-01-04-01). Since our
best-fit using a common set of parameters is acceptable (see Ta-
ble 1), we find that restricting the data to the overlapping interval
is not necessary, allowing us to increase the SNR.
The continuum model chosen by I15 differs from our choice:
they used a combination of a low-temperature black body and
a power-law with a high-energy cutoff (cutoffpl, see Eq. 1)
without the need for a broad Gaussian at 8.5 keV. Apart from the
unfolded data
after Eq. (3)
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Fig. 5. Comparison between the continuum models by Iyer et al. (2015)
and this work for epoch II (RXTE and Suzaku). aUnabsorbed continuum
model, i.e., without emission lines and CRSFs assumed by I15 (their best-
fit parameters; dashed line) and this work (solid line). The continua differ
significantly between 5 and 50 keV (gray shaded region). The source’s
flux observed during epoch II with all instruments, unfolded using Eq. 8
and corrected for X-ray absorption, is shown for comparison (red data).
b Difference between the continuum in this work and in I15 (black solid
line). The shapes of the CRSFs at 15 keV (purple dashed line) and the
first harmonic around 20 keV (blue dashed-and-dotted line) inferred from
the parameters by I15 are shown for comparison. c Difference between
the continuum-only of this work and the I15 continuum with their CRSFs
at 15 keV and 20 keV included.
known Fe Kα line and the known CRSFs, they found absorption-
like residuals around ∼15 keV, which they interpreted as a second
fundamental cyclotron line. They attribute this feature to the sec-
ond magnetic pole of the neutron star, which might have a higher
magnetic field strength than the other pole due to asymmetries in
the magnetic field configuration. Thus, Iyer et al. argued that the
superposition of both fundamental lines might have caused the
observed anticorrelation of the 11 keV line in the past. However,
as described in the previous section, a CRSF at energies higher
than 11 keV would worsen the best-fit of epoch II significantly,
i.e., we find no indication for a second fundamental CRSF at
15 keV. In order to understand this difference, we compare and
investigate the continuum and CRSF parameters of our work and
the work by I15 in the following.
We implemented the model used by I15 as defined in their
Section 3 and the parameters given in their Table 4 and 5 for
the simultaneous Suzaku and RXTE observation. Since the de-
tector response files might have been updated since 2015, we
re-fitted their model to our extracted spectra. The resulting pa-
rameters are very similar to those reported in I15. For the power-
law normalization (which is missing in I15), we find a flux of
7.9+1.0−0.9 × 10−3 photons keV−1 cm−2 s−1 at 1 keV. In contrast to the
fit goodness of 688/469 (χ2/dof) reported by I15 (their Table 4),
their model fitted to our extraction results in a worse goodness
of 975/571 (with 1% systematic uncertainties added to the full
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PCA energy range as in I15). This is due to the higher SNR of our
data, since we did not restrict the observations to the overlapping
time interval. We base the following discussion on their best-fit
parameters (Iyer et al. 2015, Table 4 and 5).
The integrated flux over the continuum model of I15 while
excluding the CRSF components is about twice as high as over
our model (8.6×10−9 erg s−1 cm−2 vs. 4.1×10−9 erg s−1 cm−2 in
the 1–100 keV energy range). This is due to a significantly higher
continuum flux between 5 and 50 keV (see gray shaded region
in Fig. 5a) caused by the negative photon index8 of Γ = −1.25
found by these authors, which results in an increasing photon flux
with energy, ignoring the exponential cut-off. For illustration pur-
poses we included in Fig. 5a the model-independent photon flux
observed during epoch II, S¯ (h). Following Nowak et al. (2005)
and Houck (2018, Sect. 7.2), the unfolded flux in spectral bin h is
given by
S¯ (h) ≡ (C(h) − B(h)) ×
(
t
∫
∆E(h)
dE R(h, E) A(E)
)−1
(8)
where C(h) is the observed counts in this bin, B(h) is the back-
ground count, t is the exposure time, ∆E(h) is the energy range
contributing to detector bin h, A(E) is the detector effective area at
energy E and R(h, E) is the redistribution function of the detector.
Eq. (8) assumes that the source flux is constant in the interval
∆E(h), which is a reasonable approximation for photon energies
E & 1 keV and typical CCD detector resolution (see Sect. 7.2
of Houck 2018). As shown in Fig. 5a, the observed flux does
not agree with the continuum model of I15, while it follows our
continuum model almost perfectly with the exception of small
deviations as expected at the CRSF energies (see Fig. 2c for the
residuals). Since I15 claim to have found a good description of
the spectra, further components in their full model have to have
reduced their continuum flux to the observed values. As shown in
Fig. 5b, the difference between the continua appears as a broad
line-like absorption feature centered at ∼15 keV. We find that the
shape of the second fundamental CRSF at 15 keV and the first
harmonic around 20 keV both claimed by I15 (see red and blue
lines in Fig. 5b) are very similar in width and depth compared to
the difference of the continua (black line). Once the continuum
model by I15 is modified by these two CRSFs, the difference
to our continuum model is almost gone (see Fig. 5c). In fact,
as shown in Table 2 these two components absorb ∼65% of the
total flux of the baseline continuum, while in our model all CRSF
components absorb only ∼4% in total. Thus, we conclude that the
excessive flux of the continuum model by I15 is erroneously cor-
rected by their claimed CRSFs. This argument is consistent with
one made by some of us earlier in relation to the interpretation of
the CRSFs of 4U 0115+634 (Müller et al. 2013).
5. Conclusions and Summary
In this work we analyzed two sets of spectral data for the giant
outburst of 4U 0115+634 in 2011, which were taken during the
fading phase of the outburst. The spectra can be described with
an absorbed cutoff power-law, modified by a Gaussian emission
feature around 8.5 keV, narrow emission lines from neutral and
ionized iron, and three cyclotron features at ∼10 keV, ∼21, and
33 keV, respectively.
8 The photon index, Γ, as defined in Eq. 1 and implemented in XSPEC
is found to be positive for almost all accreting pulsars (see, e.g., Bildsten
et al. 1997).
Table 2. Comparison of the photon fluxes absorbed by the fundamental
cyclotron line, E0, and its higher harmonics, E1 and E2, during epoch II
as derived from the models by Iyer et al. (2015) and this work.
type E0 2nd E0 E1 E2
this work
absolutea 125+16−15 – 32
+9
−9 ≤ 12
relativeb 3.1+0.4−0.4 % – 0.80
+0.22
−0.21 % ≤ 0.29 %
residualc 88.5+1.4−1.5 % – 83
+5
−5 % ≥ 87 %
Iyer et al. (2015)
absolutea 95+14−15 2000
+700
−600 3300
+1000
−900 210
+50
−60
relativeb 1.16+0.19−0.21 % 25
+8
−8 % 40
+13
−12 % 2.5
+0.7
−0.7 %
residualc 87.7+1.9−1.8 % 37
+18
−20 % 38
+17
−19 % 62
+10
−9 %
Notes. Uncertainties and upper limits are given at the 90% confidence
level.
(a) Absorbed flux by the CRSF in 10−12 erg s−1 cm−2.
(b) Absorbed flux by the CRSF relative to the continuum flux in the
1–60 keV energy range.
(c) residual flux r =
∫ +WCRSF
−WCRSF dE Fν(E−ECRSF)/F0(E−ECRSF) after Eq. 10.
A main aim of this work is to study the behavior of the CRSFs
in comparison with previous findings for this source (e.g., Naka-
jima et al. 2006; Tsygankov et al. 2007; Müller et al. 2010; Li
et al. 2012). In contrast to claims in earlier publications, M13
showed that the energy of the fundamental CRSF does not exhibit
a correlation with the source flux. They argue that the previously
claimed anticorrelation is due to the usage of an insufficient con-
tinuum model, which causes the cyclotron line components to
erroneously correct for the continuum shape. Boldin et al. (2013)
have confirmed that the choice of the continuum model strongly
influences the best-fit parameters of the cyclotron lines. For the
Suzaku data analyzed here, we reject the CRSF energies as ex-
pected from an anticorrelation (see Sect. 4.4) and, thus, confirm
the results of M13.
Iyer et al. (2015) proposed that the discrepancy in the liter-
ature concerning the behavior of the fundamental CRSF could
be caused by flux-dependent contributions of two fundamental
cyclotron lines, located at ∼10.5 keV and ∼15 keV, respectively.
These authors base this conclusion on an analysis of simultane-
ous Suzaku and RXTE data for the 2011 outburst. Applying the
model by M13 to the same data (epoch II), we find, however,
no evidence of a second fundamental cyclotron line. Rather, we
have shown that the line-like feature at 15 keV seen by Iyer et al.
(2015) is again caused by the choice of the phenomenological
continuum model (see Fig. 5). Based on the unphysically large
fraction of the continuum flux absorbed by the CRSF features
claimed by Iyer et al. (2015), we therefore conclude that there is
no second fundamental line in the spectrum of 4U 0115+634.
On a more general note, we strongly suggest checking all cy-
clotron line parameters found by fitting phenomenological models
to observed X-ray spectra against physically expected parameter
ranges. For example, if one can assume that the magnetic field
is constant in the region in which the CRSF is formed, then so-
phisticated Monte Carlo simulations in order to derive accurate
cross-sections for cyclotron scattering (Schwarm et al. 2017b)
show that the width, ∆E, of a fundamental CRSF with the cen-
troid energy E can be approximated by the full Doppler width for
thermal cyclotron line broadening (see also Meszaros & Nagel
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1985),
∆E
E
=
√
8 ln 2
kBT
mec2
cos θ (9)
where T is the electron temperature, θ is the angle between the in-
cident photon trajectory and the magnetic field, me is the electron
rest mass, c the speed of light, and kB is the Boltzmann constant.
Assuming kBT = 7.94 keV, based on the modeling of the X-ray
spectrum of 4U 0115+634 with a bulk and thermal Comptoniza-
tion model (Ferrigno et al. 2009), we find a relative width of
30% at maximum (cos θ = 1), which translates to ∼3 keV for the
CRSFs in 4U 0115+634. In case of higher harmonic lines, the
thermally averaged cross-sections calculated by Schwarm et al.
(2017b) do not indicate significantly broader lines compared to
the fundamental line. Cyclotron lines broader than a few keV can
be explained by, e.g., a B-field gradient along the line forming
region and specific viewing angles or velocity gradients (e.g.,
Nishimura 2013, 2014, 2019; Poutanen et al. 2013). These effects
should, however, influence all CRSFs present in the spectrum. In
summary, care must be taken as soon as any CRSF component is
significantly broader than ∆E/E > 30% – 40% or when the rela-
tive widths of multiple detected CRSFs are significantly different
from each other.
A similar check is possible for the depth of the cyclotron line.
As shown by Harding & Daugherty (1991), for photons close to
the resonant frequency the first order absorption cross section is a
very good approximation for the inelastic one-photon scattering
cross section, and therefore magnetic Compton scattering in the
line core can be approximated as an absorption process. Therefore,
using the fitted value for τCRSF, i.e., the optical depth in the core
of the cyclotron line, we can estimate the residual flux, r, around
the position of a cyclotron line at energy ECRSF to
r =
∫ +WCRSF
−WCRSF
dE
Fν(E − ECRSF)
F0(E − ECRSF) ∼ e
−τCRSF . (10)
where WCRSF is the width of the cyclotron line, Fν is the emergent
flux including cyclotron scattering, and F0 the input continuum
flux without a CRSF. In the Monte Carlo simulations performed
by Schwarm et al. (2017b), only 1–10% of the initial photons un-
dergo resonant scattering, i.e., r & 90%. Consequently, we would
expect τCRSF . 0.1 for the observed optical depths9. From our
best-fit model of the spectra of Epoch II, the calculated residual
fluxes after Eq. 10 are ≥ 78% for all three detected cyclotron lines
(see Table 2). These values together with the fitted optical depths
of τCRSF ≤ 0.24 (see Table 1) are in excellent agreement with the
expectations from the simulations by Schwarm et al. (2017b). Al-
though spawned photons from higher harmonics, which originate
from multi-photon scattering and from the radiative deexcitation
of electrons excited into higher levels, can affect the shape of the
fundamental line (Isenberg et al. 1998), they only can decrease its
depth. We note that residual fluxes down to r & 36% have been
observed for GX 304−1 (Rothschild et al. 2017), which can be
obtained by, e.g., a higher optical depth at the line forming region.
However, it is not expected that the CRSFs absorb a significant
fraction of the total broad-band continuum flux, which is the case
for the model by Iyer et al. (2015) and conclude that the CRSF
parameters found by these authors are due to a degeneracy be-
tween the continuum modeling and the CRSF modeling when
unphysical values for the CRSF are allowed.
9 Note that the definition of the optical depth depends on the chosen
phenomenological absorption model (e.g., Staubert et al. 2019, and
references therein). For instance, the optical depths of the CYCLABS- and
GABS-model (see Eqs. 2 and 3) are linked by Eq. 4.
In summary, the choice of a phenomenological model for the
X-ray spectrum of an accreting neutron star may cause strong
discrepancies relative to the theoretically expected values for
the CRSF parameters. In particular, an erroneous shape or an
overestimation of the X-ray flux is sometimes corrected by the
introduction of further, strong absorption components, which are
probably not real. We stress that we do not claim that our choice
of the phenomenological continuum model for 4U 0115+634
describes its true X-ray spectrum best, however, in contrast to
other continua the model applied here yields CRSF parameters
which are consistent with theoretical expectations. These conclu-
sions desperately call out for a self-consistent model for both the
spectral continuum and the cyclotron resonant scattering features.
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Appendix A: Suzaku-XIS and RXTE-PCA calibration
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Fig. A.1. Effect of the updated Suzaku-XIS calibration (20181010) on
the residuals around the Si- and Au-edges. The residuals were calculated
from our best-fit fit to epoch I (upper panels) and epoch II (lower panels)
as listed in Table 1. The energy ranges in gray mark the bins, which
were ignored in the XIS1-spectra during spectral analysis (Sect. 3). For
display purposes, the channel binning has been reduced by a factor of 2
than as described in Sect. 2.
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Fig. A.2. Ratio of the combined RXTE-PCA spectra to our best-fit
model for epoch II. Features on a 1–2% level are visible below 7 keV,
which existence is not confirmed by the Suzaku-XIS spectra (see Fig. 2).
Similar features have been seen in combined PCA spectra of the Crab
pulsar (García et al. 2014, Fig. 8) or of GRO J1008−57 (Kühnel et al.
2016, Fig. 3).
Appendix B: The 10keV feature vs. a black body
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Fig. B.1. Comparison of the spectral shapes of the 8.5 keV Gaussian
(red dotted line) and a black body with kT = 2.7 keV (blue dotted line).
The total flux is the same for both components. When added to the
cutoff power-law continuum (black solid line) the Gaussian is much
more prominent (red dashed line) than the black body (blue dashed line).
Note that the spectra are shown as radiated power (νFν) over the energy
E = hν.
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